Next-generation sequencing provides an opportunity to detect viral species from RNA-seq data of human tissues, but existing computational approaches do not perform optimally on clinical samples. We developed a bioinformatic method called VirTect for detecting viruses in neoplastic human tissues using RNA-seq data. Here, we used VirTect to analyze RNA-seq data from 363 head and neck squamous cell carcinoma (HNSCC) patients and identified 22 human papillomavirus (HPV)-induced HNSCCs. These predictions were validated by manual review of pathology reports on histopathologic specimens. VirTect showed better performance in recall and accuracy compared to the two existing prediction methods, VirusFinder and VirusSeq, in identifying viral sequences from RNA-seq data. The majority of HPV carcinogenesis studies thus far have been performed on cervical cancer and generalized to HNSCC. Our results suggest that carcinogenesis of HPV-induced HNSCC and other cases of HNSCC involve different genes, so understanding the underlying molecular mechanisms will have a significant impact on therapeutic approaches and outcomes. In summary, RNA-seq together with VirTect can be an effective solution for the detection of viruses from tumor samples and can facilitate the clinicopathologic characterization of various types of cancers with broad applications for oncology.
Next-generation sequencing provides an opportunity to detect viral species from RNA-seq data of human tissues, but existing computational approaches do not perform optimally on clinical samples. We developed a bioinformatic method called VirTect for detecting viruses in neoplastic human tissues using RNA-seq data. Here, we used VirTect to analyze RNA-seq data from 363 head and neck squamous cell carcinoma (HNSCC) patients and identified 22 human papillomavirus (HPV)-induced HNSCCs. These predictions were validated by manual review of pathology reports on histopathologic specimens. VirTect showed better performance in recall and accuracy compared to the two existing prediction methods, VirusFinder and VirusSeq, in identifying viral sequences from RNA-seq data. The majority of HPV carcinogenesis studies thus far have been performed on cervical cancer and generalized to HNSCC. Our results suggest that carcinogenesis of HPV-induced HNSCC and other cases of HNSCC involve different genes, so understanding the underlying molecular mechanisms will have a significant impact on therapeutic approaches and outcomes. In summary, RNA-seq together with VirTect can be an effective solution for the detection of viruses from tumor samples and can facilitate the clinicopathologic characterization of various types of cancers with broad applications for oncology.
Introduction
The advent of next-generation sequencing (NGS) provides an opportunity to accurately and comprehensively detect and identify viral pathogens in clinical samples (Chiu, 2013; Dunne et al., 2012) . Researchers have developed some computational tools for the discovery and identification of viruses in NGS data from human tissues (Chen et al., 2013; Isakov et al., 2011; Kostic et al., 2011) with subtractive analyses including the detection of viral integration sites (Wang et al., 2015) . For example, in a study conducted by Isakov et al. (2011) , three steps were utilized for virus identification: (I) align short reads against a human reference genome using TopHat (Trapnell et al., 2009) , (II) subtract nonhuman sequences from human sequences, and then (III) categorize viruses based on nucleic acid databases. Similarly, Kostic et al. (2011) considered the reads which were not mapped to the human genome after subtractive filtration to be 'candidate nonhuman pathogen-derived reads'. Another set of researchers also used a subtractive approach with a threshold of the minimum number of reads, which were mapped to virus genomes in their defined virus database (Chen et al., 2013) . Using the aforementioned methods, it is possible to encounter some noise from sequencing/alignment or poly(A) sequences which may also have high coverage and a high number of reads aligned to viral sequences; however, they do not actually represent a viral sequence. Thus, to address this issue, there is an urgent need to develop more robust computational tools which can correctly detect and identify viruses from human tissues, and discriminate viral sequences from sequencing artifacts or sequencing/alignment noise including insignificantly aligned reads or poly(A) sequences.
Here, we describe a new method called VirTect for detecting viruses in RNA-seq data from human clinical samples. Our approach to virus detection uses two filters to discriminate real viral sequences from noise and artifacts, thereby reducing false-positive rates: a threshold for the coverage of mapped reads for virus genomes to reduce the effect of insignificant alignment, and a threshold of the length of continuous mapped regions to capture significant expressed transcripts for any pathogen genome in our defined virus database. After these filtrations, it is expected that a nonhuman sequence (which is not able to be mapped to a human reference genome) would very likely be a viral sequence, and based on these nonhuman sequences, VirTect could improve the accuracy of detecting pathogenic viruses from RNA-seq data.
The utility of VirTect then is demonstrated by performing detailed analysis of RNA-seq data from cancer patients. With the awareness of chemical carcinogens such as tobacco, certain types of cancer have steadily decreased. However, cancers induced by viral infection have increased significantly (Relman, 1999) . Recent studies indicate that approximately 12% of human cancers are viral in etiology (Zur Hausen, 2009 ). For example, human papillomavirus (HPV) comprises a group of more than 200 related viruses, and some HPV subtypes were found to be associated with specific types of cancers such as cervical, vaginal, vulvar, anal, penile, and head and neck squamous cell carcinomas (HNSCC) (Arbyn et al., 2011; Bosch et al., 1995; Leyden et al., 2005) . The oncogenic HPV subtypes (e.g., subtypes 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59 , and 68) are sexually transmitted viruses (Weinstock et al., 2004) . Importantly, the proportion of HNSCCs that are HPV-positive increased from 18% in 1973 to 32% in 2005 in the United States, representing an unprecedented and dramatic epidemiologic spike (Taberna et al., 2017) . However, the mechanism of carcinogenesis in HPV-induced HNSCC is not well studied compared to that of HPV-induced cervical cancers. In the present work, we performed detailed analysis of RNA-seq data from 363 HNSCC patients using VirTect and identified 20 HPV16-positive and 2 HPV33-positive patients. The viral and host (patient) gene expression profiles of the 20 HPV16-positive RNA-seq data further suggest that the E2 and E7 genes of HPV, but not E6, play a major role in HPV-induced HNSCC. The molecular mechanism of HPV oncogenesis in HNSCC differs from what has been reported in cervical carcinogenesis (Leung et al., 2017) . The viral/host gene expression profiles of HPV-induced HNSCC elucidate HPV oncogenesis in HNSCC. In doing so, this new bioinformatic tool provides actionable targets for developing new diagnostic assays and therapeutics for HNSCC. VirTect is available at https://github.com/WGLab/VirTect.
Materials and methods

Datasets
We downloaded 363 HNSCC samples from the Cancer Genome Atlas (TCGA) (https://cancergenome.nih.gov/) and used them to evaluate and test VirTect.
Quality control and trimming
We performed quality control (QC) using FASTQ (Andrews, 2010) and then used CUTADAPT (Martin, 2011) to trim paired-end reads of all samples to ensure that the quality was appropriate for further investigation. We did the following filtrations using CUTADAPT version 1.2.1: I Removed adaptor contamination, which may affect virus detection.
II Trimmed the reads when the average quality score in a sliding window fell below a phred score of 20. III Discarded reads shorter than 40 bp.
The CUTADAPT command line was as follows: cutadapt -a adapter1 -A adapter2 -m 40 -q 20,20 -trim-n -o sample_1_trimmed.fastq.gz -p sample_2_ trimmed.fastq.gz sample_1.fastq.gz sample_2.fastq.gz where adapter1 is a forward adapter, adapter2 is a reverse adapter, -q is for quality, and -m is used for the minimum length of reads (i.e., reads < 40 bp long were trimmed in our analysis). After trimming of all samples, we used VirTect for virus detection.
Virus detection method (VirTect)
VirTect contains several steps, as illustrated in Fig. 1 :
Step 1: Paired-end (PE) reads were aligned to a human genome reference to subtract the nonhuman sequences from the whole-genome sequence of human samples using TopHat (Trapnell et al., 2009) .
Step 2: In the second step, the bam file of the nonhuman reads was converted to FASTQ format using BEDTools (Quinlan and Hall, 2010) .
Step 3: The nonhuman sequences were mapped to the 757 different viruses currently in the database using BWA-MEM (Li and Durbin, 2009) .
Step 4: Filtrations were performed to remove noise/ artifacts or poly(A) sequences, which may have high coverage with thousands of reads mapped to virus genomes but may not represent real viral sequences. Two types of filtrations are used for this purpose:
I Cutoff of the coverage of nonhuman sequence where reads were aligned to virus genome but not to human genome. A default setting is 59; that is, the coverage will be > 59. II Cutoff for continuously mapped regions. Our threshold is 100 by default but this is a user-predefined parameter. Since we used 48-bp sequences, this worked well for the data analyzed here; however, when reads are longer (more than 100 bp or larger), this threshold should be larger to fit users' data.
Step 5: Finally, a list of viruses were generated from the samples that passed the filtrations, and this list can then be subjected to further investigation.
Availability of data and materials
Our implementation of VirTect is available as a software tool at https://github.com/WGLab/VirTect.
VirTect was implemented in Python programming language and has been tested on Linux platforms. It depends on third-party publicly available tools, including SAMtools (Li et al., 2009) , BEDTools, Bowtie 2, TopHat, and BWA.
Results
An overview of VirTect is shown in Fig. 1 . NGS data in FASTQ format provided the input, which was then mapped to a human reference genome using TopHat (Trapnell et al., 2009) . After the subtraction of human sequences, nonhuman sequences were aligned using BWA-MEM against the nonhuman sequences in our defined virus database (currently 757 different viruses) to identify viruses. Finally, VirTect performed filtrations to discriminate true viral sequences from noise or artifacts and reported identified virus(es).
Detection of HPV in HNSCC patients with VirTect
To test the accuracy of VirTect, we analyzed 363 HNSCC samples acquired from the TCGA database and detected HPV transcripts in 22 cases, of which 20 contained HPV16 transcripts and 2 had HPV33 transcripts. We examined pathology reports as a validation of our predictions. Histopathology and clinical assays agreed with our RNA-seq analysis results (Table 1) . The histopathology of H&E slides from each HPV+ case was rigorously examined by a pathologist to confirm the morphology of viral infection. Histopathology findings (detailed in Fig. 2 ) confirmed morphologic features consistent with HPV infection and confirmed the HNSCC phenotype in each case. A random subset of 30 negative cases were also examined, and the results suggested that samples without detectable HPV genes were indeed HPVÀ pathologically.
To compare VirTect with existing tools, we ran VirTect, VirusSeq, and VirusFinder on a RNA-seq data set, in which pathology reports are available to indicate whether a patient has HPV16 infection. We used the metrics of precision (i.e., predicted HPV+ cases confirmed with pathology/total predicted HPV+ cases), recall (i.e., predicted HPV+ cases confirmed with pathology/all pathological HPV+ cases), and accuracy (i.e., predicted cases confirmed with pathology/total cases) of virus detection for comparison ( Table 2 ). The results demonstrated that all the three tools had a precision of 1.00. However, VirusSeq had much lower recall (0.087); VirusFinder had a recall of 0.913. That is, VirusSeq and VirusFinder could not identify all samples where HPV16 virus was found in the pathology reports. In contrast, VirTect demonstrated 100% consistency with the pathology reports. We recognize that this is a relatively small sample size due to limited availability of pathology reports; nevertheless, this analysis confirmed that VirTect compares favorably to competing approaches on clinical samples.
HPV16 transcripts encoding key viral oncoproteins (i.e., E7, E4, E5_a, and E1^E4) were detected in most of the HPV-positive samples. The HPV gene expression in an HPV16+ case, as visualized in IGV, is shown in Fig. 3A . In this sample, the HPV16 oncoprotein E7 was expressed with high coverage and continuously Fig. 3B . The key viral oncoprotein E7 was also expressed in this sample. The HPV+ samples we identified were all oropharyngeal in origin, which further supports the link between HPV infection and oncogenesis since nearly all oral HPV+ cases are oropharyngeal in origin anatomically. Pathology reports in some of these cases included in situ hybridization for HPV high-risk subtypes which indicated HPV 16 infection, providing further molecular support for viral etiology. Although pathology analysis is the gold standard for HPV infection, it is too labor-intensive for screening a large number of patients. With VirTect, we were able to screen 363 patients for HPV infection within a week. Among the 363 HNSCC patients, HPV 16 viral genes were detected in 20 patients (3 female and 17 male; see Table 1 ). Although the sample size is small, it appears that in this database, HPV-induced HNSCC was not equally distributed between males and females. Also, as expected, the L1 and L2 viral genes were not detected in any patient, and E2 and E8^E2 were detected at high levels in all HPV16+ patients.
HPV gene expression profiles in HNSCC
In cervical carcinoma, integration of the HPV16 viral genome into the host genome often leads to the disruption of the E1 and E2 open reading frame, resulting in unregulated expression of E6 and E7 (Schwarz et al., 1985; Smotkin and Wettstein, 1986) . However, this does not appear to be the case in HNSCC (Fig. 4) . Among the 20 patients with detectable HPV16 viral sequences, the number of detectable viral genes ranged from three genes (patients 9, 11, and 15) to 10 genes (patient 19). E2 and E7 were the most common, detected in 85% (17/20) and 90% (18/20) of patients, respectively. Most patients (15/20) had both detectable E2 and E7. The alternatively spliced E8^E2 was detected in 90% (18/20) of patients, and the two patients (patients 9 and 15) without E8^E2 were among those without detectable E2; these patients only had three detectable viral genes (E1, E1^E4, and E7). E1^E4 and E4 were detected in 95% (19/20) and 85% (17/20) of patients, respectively, in agreement with a previous report where E1^E4 was found to be the most abundantly expressed HPV protein in infected epithelial cells (Raj et al., 2004) . E6 (sequence range 83-559) was only detected in 30% (6/20) of patients. Fragments of this gene, namely E6*(sequence range 83-226) and E6*# (sequence range 409-417), were detected in 25% (5/20) and 15% (3/20) of patients, respectively. Patients 16 and 17 had detectable E6 and E6*, while all E6 fragments were detected in patient There were 32 RNA-seq data for analysis including 21 HPV16+ RNA-seq data and 11 HPV16À RNA-seq data. Precision is the number of HPV16+ RNA-seq data where HPV16 was detected by a tool divided by the number of RNA-seq data where HPV16 was detected, recall is the number of HPV16+ RNA-seq data where HPV16 was detected by a tool divided by the number of HPV16+ RNA-seq data, while accuracy is the number of correctly identified RNA-seq data, no matter HPV16+ or HPV16À, divided by the total number of RNA-seq data. 19. This RNA-seq analysis suggested that both E2 and E7 were expressed at high levels in HNSCC. On the other hand, E6 was only detected in 30% (6/20) of patients, and the expression level was not as high as that of E7 or E2. In addition to HPV16 and HPV18, which have been reported to be causative agents of carcinoma (Howley, 1986) , we also found two HPV33-infected patients. The viral genes E7, E4, E1^E4, and E8^E2 were expressed in both patients, while HPV16 genes were not detected. These findings together suggest that HPV-induced HNSCC has a different molecular foundation from that of HPV-induced cervical carcinoma.
Molecular pathways in HPV16-induced HNSCC
Genetic instability is caused by steady accumulation of DNA damage and genetic variants, which leads to the activation of proto-oncogenes or the inactivation of tumor suppressor genes. A frequent event in cancers of the head and neck is the deletion of the short arm of chromosome 9, which results in inactivation of the host p16 gene. In HPV-induced carcinogenesis, the most important initiating factor is the expression of the viral proteins E6 and E7, as they lead to the inactivation of the cellular tumor suppressor proteins p53 and retinoblastoma (Rb; Moll and Petrenko, 2003) . The p16 expression assay is currently used clinically to identify HPV infection in HNSCC patients, because HPV+ individuals have very different prognosis and treatment options from those with non-virusassociated HNSCC. We identified highly significant upregulation of the tumor suppressor proteins CDKN2A (p16), CDKN2D (p19), and Tp53 in the samples from head and neck cancers with detected HPV16 infection when compared to samples without HPV16.
With ingenuity pathway analysis, we identified a significant enrichment of proteins involved in the G1/S checkpoint in HPV+ samples (Fig. 5) . We first performed gene differential expression (DE) analysis by comparing 20 HPV16+ and 339 HPV16À HNSCC samples. We then used HTSeq for counting reads (Anders et al., 2015) and DESeq for detecting DE genes (Anders and Huber, 2010) . We detected 437 genes with adjusted P < 0.05 calculated based on negative binomial distribution. These genes showed significantly different expression levels between HPV16+ and HPVÀ groups. For DE genes, we performed enrichment analysis using DAVID (Huang et al., 2009) , which reported 22 pathways involving the DE genes that were differentially expressed between HPV+ and HPVÀ samples. The most probable pathway is illustrated in Fig. 4 , which shows how the G1/S cell checkpoint was altered in HPV16+ HNSCC patients when compared to HPVÀ samples. Several molecules in this pathway were differentially expressed, with large differences found in CDKN2D (p16), CDKN2A (p19), E2F1, and TP53 expression. Tp53 is the degradation target of E6, so a higher mRNA level of Tp53 suggests a compensation mechanism of P53 expression to offset the E6 degradation. The expression level of TP53 in the HPV+ HNSCC samples was slightly higher than Fig. 4 . HPV16 viral genes detected in HNSCC patients. Among the 20 patients with detectable HPV16 viral sequence, the number of detectable HPV16 genes ranged from 3 (patients 9, 11, and 15) to 10 (patient 19). E2 and E7 were most common, detected in 85% (17/20) and 90% (18/20) of patients, respectively. Most patients (15/20) had both detectable E2 and E7. The alternatively spliced E8^E2 was detected in 90% (18/20) of patients. The two patients (patients 9 and 15) without E8^E2 only had 3 detectable viral genes (E1, E1^E4, and E7). E1^E4 and E4 were detected in 95% (19/20) and 85% (17/20) of patients, respectively. However, E6 (83-559) was only detected in 30% (6/20) of patients. Fragments of E6*(83-226) and E6*# (409-417) were detected in 25% (5/20) and 15% (3/20) of patients, respectively. Patients 16 and 17 had detectable E6 (83-559) and E6*(83-226), while patient 19 had all E6 fragments detected. This viral expression pattern suggests that E2 and E7 are the major players in HPV-induced HNSCC. that in the HPVÀ HNSCC samples, which correlated well with the low level of E6 detected. This result further suggests that the carcinogenesis of HNSCC is different from the mechanism established for the better-studied cervical cancer.
Discussion
Here, we reported a novel virus detection method called VirTect that uses RNA-seq data as input. We tested and analyzed VirTect's performance on several datasets and identified several viruses from this analysis. Several groups have developed and discussed virus detection methods based on subtraction of nonhuman sequences from human samples (Chen et al., 2013; Isakov et al., 2011; Kostic et al., 2011) . For example, VirusSeq (Chen et al., 2013) uses RNA-seq as input and distinguishes viral and nonviral sequences using the requirement of the minimum number of reads aligned to a viral sequence (set at 1000 reads). However, RNA-seq data from a sample might have thousands of nonhuman sequences, which may have repeat sequences that align to a virus but do not represent real viral genomes. Also, it is hard to only use the coverage of RNA-seq data for determining whether the number of reads were required to detect the existence of virus: the cutoff of 1000 reads (which recommended by VirusSeq) might be higher and cannot detect the existence of viruses. That is, the total number of mapped reads might not be a good filter to detect virus existence in RNA-seq. Therefore, we sought to develop a new method that would detect viruses from NGS data with greater sensitivity and accuracy, by designing a new multilayered filtering strategy. To confirm that this approach performs better, we compared VirTect with existing virus detection methods, namely VirusSeq (Chen et al., 2013) and VirusFinder (Wang et al., 2013) . We found that VirTect could more accurately detect and discriminate noise and artifacts from real viral sequences. For example, for one head and neck cancer sample, VirusSeq wrongly attributed a poly(A) sequence to hepatitis C and tick-borne encephalitis, again due to the high coverage (more than 309) and more than 1000 reads mapped to these viruses; however, it did not detect the real HPV16 sequences in this sample, since the number of mapped reads to HPV16 was 926, just below the threshold. In comparison, VirTect detected both the poly(A) sequence and the real HPV16 sequences (Fig. 3) ; after filtration, VirTect indicated the presence of HPV16. , p19 (P = 7.6E-6), E2F1 (P = 3.63E-5), and TP53 (P = 9.75E-7). (B) Ingenuity pathway analysis (IPA) identified the molecules involved in the G1/S checkpoint to be the most significantly (P = 3.28E-18) active molecular pathway, including 17 genes with significantly different expression values between HPV+ and HPVÀ HNSCC (P < 0.05). Red: upregulated in HPV+ HNSCC; green: downregulated in HPV+ HNSCC. While E6 plays a minor role, E7 plays a major role in HPV carcinogenesis in HNSCC.
With VirTect, we also analyzed 363 HNSCC samples available in the TCGA database. We detected HPV in 22 of these samples; 20 had detectable HPV16 genes and 2 had detectable HPV33 genes. We confirmed the viral etiology of these cancers by correlating RNA-seq and VirTect data to clinical and histopathologic findings. HPV-mediated carcinogenesis is thought to work through viral oncogenic proteins E6 and E7 via the disruption of cell cycle regulatory components (Sherman et al., 1997) . Specifically, E6 directly binds P53 and complexes it with the E6-AP ubiquitin ligase. This ubiquitination targets P53 for proteolytic degradation (Scheffner et al., 1990 ) and impairs host cell G2/M checkpoint and apoptosis, resulting in uncontrolled proliferation and genomic instability (Taylor and Stark, 2001) . Similarly, HPV E7 targets Rb for degradation (Boyer et al., 1996) and results in a deregulated cell cycle and unstable genome. However, our data suggest that E7 plays a major role in the carcinogenesis of HNSCC, while E6 only plays a minor role. The E7 viral gene was detected in all 22 HPV+ HNSCC samples, but E6 was only detected in 6 of the 22 patients (20 HPV16+ and 2 HPV33+). Our findings are supported by a recent study of HPV16-driven oropharyngeal squamous cell carcinoma, which showed that HPV16 E6 seropositivity has low sensitivity (50%, 95% CI19-81) but is highly specific (100%, 95% CI 96-100) (Holzinger et al., 2017) .
To our surprise, E2 was detected in almost all HPV+ HNSCC patients. For cervical cancer, it has been reported that the integration of the HPV genome into the host genome often interrupts the E2 promoter and leads to unregulated E6 and E7 expression (Schwarz et al., 1985; Smotkin and Wettstein, 1986) . E2 is not detected in most cervical cancer cell lines with HPV infection (Vinokurova et al., 2008) . Furthermore, re-introduction of E2 to cervical cancer cell lines and HeLa cells was found to repress E6/E7 expression and lead to cellular senescence and apoptosis (Desaintes et al., 1997; Dowhanick et al., 1995; Goodwin et al., 2000) . In our study, E2 and E1^E4 were detected at high levels, which agreed with the previous report that E1^E4 stabilizes E2 (Davy et al., 2009) . The detection of E2 and E8^E2 viral fragments in RNA-seq data from HNSCC patients suggested that HPV-induced HNSCC has different molecular mechanisms of carcinogenesis from those of HPV-induced cervical cancers. Also, the cervical cancer high-risk strain HPV18 was not detected in any of the tested samples, but HPV33 was detected. Although only two patients had detectable HPV33 fragments, this is consistent with the report that HPV33 rarely induces HNSCC (Brennan et al., 2017) .
In light of these findings, we compared the gene expression profiles of HPV+ and HPVÀ HNSCC to identify a potential molecular pathway of HPV carcinogenesis in HNSCC. Our results agreed with the previous report that not all HPV16 infections associated with HPV16 E6 seropositivity (Maura et al., 2015) . This underscores that HPV16 E6 seropositivity is not a suitable assay for HPV-induced HNSCC screening. Importantly, we presented evidence here that, although cervical and oropharyngeal mucosal cancers are generally thought to have the same mechanisms of carcinogenesis given that they are associated with similar HPV subtype infections (e.g., HPV16), in fact these two anatomical sites may experience different paths to carcinogenesis, even with the same HPV16 subtype. This potentially has profound translational implications for diagnostics and therapeutics in head and neck oncology. The main limitation of VirTect is that it depends on a database of all known viruses, which is used to nominate candidate viruses in human cancer tissue. Though the database is extensible, this approach cannot detect novel viruses that are not in the database. However, VirTect can be used as a tool to screen known pathogens in RNA-seq or DNA-seq data for better understanding the role of viral infection in carcinogenesis.
Conclusions
We tested and evaluated VirTect on different datasets from TCGA, and we believe that VirTect can accurately detect viruses in NGS samples with greater accuracy than other methods. The ability to identify viral infection accurately may have important translational value for oncology, as we have demonstrated with a HNSCC dataset. This work has significant clinical relevance because of the importance of viral identification and characterization for precision medicine. For example, head and neck cancers which are associated with HPV16 have a better prognosis and are more sensitive to radiation therapy than non-HPV cancers. Therefore, accurate detection and knowledge of HPV status is essential for diagnosis, targeted therapeutic approaches, and prognostication to ultimately improve patient outcomes (Sedghizadeh et al., 2016) . lab members for helpful comments and feedback on VirTect. This work was supported by NIH grants CA197903 (JZ) and HG006465 (KW).
